The scaling of turbulence characteristics such as turbulent fluctuation velocity, turbulent kinetic energy and turbulent energy dissipation rate was investigated in a mechanically agitated vessel 300 mm in inner diameter stirred by a Rushton turbine at high Reynolds numbers in the range 50 000 < Re < 100 000. The hydrodynamics and flow field was measured using 2-D TR PIV. The convective velocity formulas proposed by Antonia et al. (1980) and Van Doorn (1981) were tested. The turbulent energy dissipation rate estimated independently in both radial and axial directions using the one-dimensional approach was not found to be the same in each direction. Using the proposed correction, the values in both directions were found to be close to each other. The relation /(N 3 ·D 2 )  const. was not conclusively confirmed.
INTRODUCTION
The theory of mixing operations such as liquid -liquid, gas -liquid and powder dispersion, and also flocculation and scale of segregation in chemical reactions occurring in a turbulent regime is based on Kolmogorov theory of turbulence whose basic parameter is the local dissipation rate of turbulent kinetic energy (Paul et al. (2004) , Bałdyga, Bourne (1999) ).
The following experimental techniques such as Wire Hot Anemometry (WHA), Laser Doppler Anemometry (LDA) or Particle Image Velocimetry (PIV) have been used for estimation of some turbulence characteristics in stirred tanks. In this work a 2D-PIV method was used. Baldi and Yianneskis (2004) The aim of this work is to study scaling of turbulence characteristics such as turbulent fluctuation velocity, turbulent kinetic energy and turbulent energy dissipation rate in a mechanically agitated vessel in a fully turbulent region at high Reynolds numbers in the range of 50 000  Re  100 000. The hydrodynamics and flow field were measured in an agitated vessel using Time Resolved Particle Image Velocimetry (TR PIV).
THEORETICAL BACKGROUND

Mean and fluctuation velocity
Using PIV, the data set of i th instantaneous velocity component U i (t j ) for j = 1, 2, … N R at observation times t j with an equidistant time step t S (i.e. t S = t j+1 -t j ) was obtained in a given location. Assuming the ergodic hypothesis, the time-averaged mean velocity i U was determined as the average value of velocity data set U i (t j ):
where i U is i th mean velocity component, U i (t j ) is i th instantaneous velocity component at observation time t j , and N R is the number of data items in the velocity data set. Consequently, the i th fluctuation velocity component u i (t j ) at observation time t j is obtained by decomposition of the instantaneous velocity: The root mean squared fluctuation velocity is determined as follows:
where i u is the root mean squared fluctuation velocity, and u i (t i ) is the fluctuation velocity at observation time t i .
Turbulent kinetic energy
The time-averaged total turbulent kinetic energy q is calculated from rms fluctuation velocities as 
Turbulent energy dissipation rate
The distribution of the turbulent kinetic energy in eddies of different size can be described by energy spectrum function (to be precise: energy spectrum density function) E (k). Hence the following relation can be written:
where q is total turbulent kinetic energy, E (k) is three-dimensional energy spectrum density function, and k is wave number. Kolmogorov (1941) derived in the inertial subrange the following form of spectrum function known as Kolmogorov -5/3 power law:
The local turbulent kinetic energy dissipation rate  can be estimated easily by a spectral fitting method from the energy spectrum function in this subrange. This evaluation method enables to estimate local energy dissipation rates without any knowledge of the local velocity gradients whose estimation is very difficult and inaccurate. However, the problem is how to obtain the three-dimensional energy spectrum function. In the literature it can be found that assuming the local isotropy the three-dimensional energy spectrum E (k) can be replaced by the one-dimensional spectrum (Ståhl Wernersson and Trägårdh, 2000) :
For this case, Grant et al. (1962) evaluated the constant A iner1D as 0.47  0.02 and Sreenivasan (1995) presented the value of 0.53 as the universal empirical constant.
The one-dimensional energy spectrum function E 1D (f 1 ) was obtained from the time course of fluctuation velocity u 1 (t) using the Fourier transform. Then the one-dimensional energy spectrum function E 1D (f 1 ) is transformed from the frequency domain (f) to the wavenumber domain (k) by the following Eqs. (8) and (9):
where U conv is so-called convective velocity. The convective velocity method is a way how to transform turbulent time scales into length scales (Ståhl Wernersson and Trägårdh, 2000) and enables to correct a method developed for one-dimensional and low intensity flow to be used for application to a threedimensional or highly turbulent flow field (Kresta and Wood, 1993 The third component of fluctuation velocity in Van Doorn definition was estimated using the pseudoisotropic assumption as an average of the first and second squared velocity components, then:
Data block averaging
The technique of data block averaging was used for smoothing of the spectrum. The raw data were split into blocks of equal duration. The entire dataset of record time length T R containing a number of data N R was divided into a number of blocks n B with equal block time T B containing block number of data N B so that:
where t S is sampling time, i.e. time step between two consecutive values of measured velocity.
The separate energy spectrum density is calculated for each individual block and the final energy spectra density is determined as the average of separate energy spectra density E j (f):
3. EXPERIMENTAL
The hydrodynamics and the flow field were measured in an agitated vessel using Time Resolved Particle Image Velocimetry (TR PIV). Experiments were carried out in a fully baffled cylindrical flat bottom vessel 300 mm in inner diameter (Kotek et al., 2012) . The tank was agitated by a Rushton turbine 100 mm in diameter, i.e. the dimensionless impeller diameter D/T was 1/3. The dimensionless impeller clearance C/D taken from the lower impeller edge was 0.75. The tank was filled by degassed distilled water and the liquid height was 300 mm, i.e. the dimensionless liquid height H/T was 1. The dimensionless baffle width B/T was 1/10. To prevent air suction, the vessel was covered by a lid. Velocity fields were measured for three impeller rotation speeds: 300 rpm, 450 rpm and 600 rpm, at which fully developed turbulent flow was reached. Distilled water at a temperature of 23°C (density ρ = 997.4 kg.m
, dynamic viscosity μ = 0.9321 mPa·s) was used as the agitated liquid.
The time resolved LITRON LDY 304 2D-PIV system (Dantec Dynamics (Denmark)) consists of a Neodyme-YLF laser (light wave length 532 nm, impuls energy 230 MJ), a SpeedSence 611 high speed PIV-regime camera (resolution 12801024 pixels) with a Sigma MacroDg objective equipped with an optical filter with wave length 570 nm. Rhodamine B the fluorescent particles of mean diameter 11.95  0.25 μm were used as seeding particles. The fluorescent particles lit by 532 nm light emit 570 nm light. In this way, non-seeding particles such as impurities and bubbles are separated and are not recorded. The operating frame rate was 1 kHz (1000 vector fields per second), i.e. the sampling time t s was 1 ms.
Fig. 1. Scheme of experimental apparatus and investigated area
The measured vertical plane was located in the center of the vessel and in the middle of the baffles. The plane was illuminated by a laser sheet 0.7 mm in thickness. The investigated area was 4327 mm. The position of right top apex Er E ; z E  was 10; 55, i.e. 2r/T = 20/300 and z/T = 55/300, i.e. the right top edge was located 20 mm below the impeller paddle edge and 10 mm from the impeller axis. A scheme of the experimental apparatus and the investigated area is depicted in Fig. 1 . The camera was positioned orthogonally to the laser sheet. The experiments were conducted in cooperation with Dr M. Kotek (Technical University Liberec) and Dr B. Kysela (Institute of Hydrodynamics, Czech Academy of Sciences). The data obtained in the position Pr P ; z P  = 33.584; 41.478, i.e. 2r/T = 0.224 and z/T = 0.138, are presented in this paper. Since this point is relatively far from the impeller, we expect the state of local isotropy.
For all experiments, 5 000 images were taken at a sampling interval of 0.001 s, i.e. the total record time length was 5 s. Unfortunately, a recording time of only 3.865 s was available for the 300 rpm measurement, due to damage to the storage disk. The effect of impeller rotational speed on dimensionless velocities was tested by hypothesis testing (Bowerman and O´Connell (1997) ). A statistical method for hypothesis testing can estimate whether the differences between the predicted parameter values (e.g. predicted by a proposed theory) and the parameter values evaluated from the measured data are negligible. If this is the case, we assumed the dependence of the tested parameter on the impeller rotational speed, described by the simple power law parameter = B·N  , and the difference between predicted exponent  pred and evaluated exponent  calc was tested. The hypothesis test characteristics are given as t = ( calc - pred )/ s  where s  is the standard error of parameter  calc . If the calculated t value is less than the critical value of the t-distribution for (m-2) degrees of freedom and significance level , the difference between  calc and  pred is statistically negligible (statisticians state: "the hypothesis cannot be rejected"). Table 2 .
It was found, that all dimensionless velocities except radial mean velocity can be statistically taken as constant and independent of the impeller rotational speed. The average values were calculated and are presented in Table 2 . The dimensionless radial mean velocity cannot be tested due to the alternation of positive and negative values. Note: The t-distribution for (m-2) degrees of freedom and significance level  = 0.05.
The radial mean velocity was found to be close to zero. This finding corresponds to a chosen position in an upward flow to the impeller. This region contains predominantly ascending flow along the vessel axis towards the impeller (Fořt et al, 1982) . Owing to the fact that the selected position is relatively far The calculated values of dimensionless turbulent kinetic energy in radial and axial directions are presented in Table 1 . The values of dimensionless turbulent kinetic energy were also found to be independent of the impeller rotational speed. The test results and averaged values are presented in Table 2 .
Fig. 4. Dimensionless velocity -axial direction
The estimation of local turbulent energy dissipation rate from the energy spectrum function is traditionally based on the assumption that the three-dimensional energy spectrum function can be replaced at a local isotropy by the one-dimensional energy spectrum function and the so-called convective velocity coupling the time and space derivatives (Wu et al., 1989) has been used for spectrum conversion from frequency domain to wave number domain. Following on from that, the correct estimation of dissipation rate depends on the degree of local isotropy and a proper estimation of convective velocity. We tested convective velocity formulas proposed by Antonia et al. (1980) and Van Doorn (1981).
The energy spectrum functions were obtained using Fast Fourier Transform (FFT). Owing to the nature of FFT algorithm, the number of samples must be an integer power of 2. For smoothing of the spectrum, the technique of data block averaging was used. Calculations were made for a block number of data N B equal to 1024. The obtained averaged energy spectrum E 1 (f) was transformed into wave number domain and statistically treated by regression line:
Then, combining Eqs. (7) and (15) the local dissipation rate can be estimated as follows:
where the constant A iner1D as 0.47  0.02 evaluated by Grant et al. (1962) was used.
The convective velocity according to Antonia et al. (1980) was calculated as follows:  for radial direction:
The convective velocity according to Van Doorn (1981) was calculated as follows:
 for radial direction:
The velocity components in a given direction were presumed as the dominant velocity components for van Doorn definition of the convective velocity in a given direction. The averaged dimensionless velocities presented in Table 2 were used to calculate convective velocity. The convective velocity and energy spectrum function were calculated independently in both axial and radial axes and then dissipation rate was estimated for each direction independently. The obtained results are presented in Tables 3 and 4 . For comparison purposes, a specific impeller power input (P/m) was also calculated for the impeller power number of 5.1. For illustration purposes, we treated (-5/3) law trend line for axial direction and Van Doorn´s convective velocity at the impeller speed of 450 rpm (Fig. 5) . The effect of impeller speed on the spectrum function is demonstrated in Fig. 6 for radial direction and Van Doorn´s convective velocity.
The used convective velocity formula plays an important role for the dissipation rate estimation. The convective velocities calculated using Van Doorn´s formula are 1.7 -and 1.45 times higher for radial and axial directions respectively compared with Antonia´s formula. Unlike this the dissipation rates are different in opposite directions, i.e. the dissipation rates estimated using Antonia´s formula are approx.
cpe.czasopisma.pan.pl; degruyter.com/view/j/cpe 1.7 -and 1.5 times higher for radial and axial directions respectively compared with the dissipation rates estimated by Van Doorn´s formula. Table 3 . Local turbulent kinetic energy dissipation rate -convective velocity according to Antonia et al. (1980) For illustration purposes, the effect of convective velocity formula on energy spectrum function is presented in Fig. 7 for radial direction and impeller speed of 600 rpm. Although the difference between constants of proportionality is negligible in log-log diagram, the differences of dissipation rates are more significant. We found that this dissipation rate ratio corresponds to the squared ratio of axial velocity and radial velocity components.
We proposed and tested the following empirical formula to correct the dissipation rate estimated from axial direction:
The corrected values of dissipation rate estimated from axial direction are presented in Tables 3 and 4 . For correction purposes the average value r ax u u / = 0.5559 was used. Using this correction the values in both directions were found to be close to each other as expected having applied the one-dimensional spectrum fitting method for dissipation rate estimation.
For the local turbulent kinetic energy dissipation rate estimated by Van Doorn´s convective velocity in radial direction the integral and Kolmogorov scales were calculated and are presented in Table 5 . The integral length scale  was estimated using the dimensional assumption as follows:
where empirical constant of proportionality C  equal to 1 was used. The integral time scale was estimated in the following way:
The Kolmogorov scales were determined as follows: ) was calculated and presented in Table 5 and graphically in Fig. 8 . According to the test of hypothesis the relation /(N 3 ·D 2 )  const. can be accepted. However, the visual assessment of the Fig. 8 signalises a trend line. Similarly, the relation  d was not conclusively confirmed.  In accordance with the theory of mixing, the dimensionless mean and fluctuation velocities and dimensionless turbulent kinetic energies in the measured directions were found to be constant and independent of the impeller rotational speed.
 The turbulent energy dissipation rate was estimated by fitting of energy spectrum function. The energy spectrum was obtained via FFT of time course of fluctuation velocity using block averaging technique for smoothing of the spectrum. We tested convective velocity formulas proposed by Antonia et al. (1980) and Van Doorn (1981) for spectrum conversion from frequency domain to wave number domain.
 The convective velocity formula plays an important role for dissipation rate estimation. The dissipation rates estimated using Antonia´s formula were approx. 1.7 -and 1.5 times higher for radial and axial direction respectively compared with the dissipation rates estimated by Van Doorn´s formula.
 The state of local isotropy was defined on the length-scale level corresponding to integral length scale by an equality of fluctuation velocity components. Although the selected observation point was relatively far from the impeller in upward flow to the impeller, the state of local isotropy was not found. Therefore, the turbulent energy dissipation rate estimated using one-dimensional approach independently in both directions was not found to be the same in both directions. We found that the ratio of dissipation rates calculated in radial and axial directions corresponds to the squared ratio of axial velocity and radial velocity components. We proposed and tested an empirical formula for correction of dissipation rate estimated from the axial direction. Using this correction, the values in both directions were found to be close to each other as expected having applied the one-dimensional spectrum fitting method for dissipation rate estimation. 
